1. An open question about "life"
================================

Biological organisms exhibit two contrasting characteristics: on the one hand, they show an enormous diversity, yet on the other hand, the state of "life" is common to all organisms. Since biological systems are ultimately dependent on the genome DNA sequence of the organism, biological diversity can be understood as the result of many mutations in genomes. In contrast, it is difficult to understand the common state of "life", because relatively few homologous genes throughout the biological kingdom have been identified by sequence homology searches. New methods of analyses, such as analysis of the physical properties of sequences, are necessary for elucidating parameters that characterize the state of "life" in genome sequences. "Big data" accumulated from thousands of genome sequences are now available \[[@b1-13_305],[@b2-13_305]\] and can be probed using diverse methods to solve the open question about the common state of "life": namely, what parameters characterize "life"?

The above question is somewhat obscure, since "life" is not well defined. So, we will first clarify the question on the basis of our current understanding of biology. [Figure 1](#f1-13_305){ref-type="fig"} represents a flow chart of a biological organism. Organisms comprise four layers: a genome DNA sequence (a blueprint), amino acid sequences (materials), proteins (functional units), and the organism itself (a system). These layers are connected by four processes: the biosynthesis of amino acid sequences from DNA sequences; the folding of amino acid sequences resulting in proteins, which are the functional units of the system; the actual system, formed by an appropriate combination of proteins; and the redrawing of the genome sequence due to many mutations. Here, we assume that "life" is the product of the four layers and processes of a biological organism shown in [Figure 1](#f1-13_305){ref-type="fig"}. We point out that "life" is frequently discussed in connection with the human mind, but the mind cannot be defined at the molecular level. Therefore, we confine the state of "life" to the cycle shown in [Figure 1](#f1-13_305){ref-type="fig"}.

The open question about "life" can now be defined clearly. The principle of the first process of biosynthesis in [Figure 1](#f1-13_305){ref-type="fig"} is well known as the central dogma of biology, together with the genetic code, and these are universal to all biological organisms. However, the principles underlying the other processes remain unknown. Therefore, in order to answer the open question about "life", we must elucidate the principles of the other three processes: the folding of proteins, the formation of biological systems, and the mutations required to redraw a genome. It is very difficult to elucidate these principles concurrently to solve these problems, and thus we rephrased the questions regarding these principles in terms of biological hierarchy, as shown in [Figure 2](#f2-13_305){ref-type="fig"}. Biological systems are deeply hierarchical, from fundamental structures such as α-helices and β-sheets, to the ecological system in its entirety. The principles underlying higher-order structures such as a biological organism are too complicated to elucidate because organisms are composed of many diverse molecules that cannot be dealt with by theoretical and computational methods. Therefore, it is reasonable to begin physical research on the formation of biological structures and systems from the lower end of the hierarchy, namely, the structure of proteins, but the principles underlying protein structure have not yet been established.

However, as shown in the left column in [Figure 2](#f2-13_305){ref-type="fig"}, complicated hierarchical structure in the right column corresponds to the simple nesting of sequences in the left column, and this nesting provides the blueprint for biological systems. Here, we divide the question regarding the parameters characterizing "life" into two more tractable questions: the question at the molecular level, "How are protein structures encoded by sequences?", and the question at the system level, "How are biological systems encoded by sequences?" In this work, we focus on the latter question shown in [Figure 2](#f2-13_305){ref-type="fig"} and show that physical analyses of genome sequences are very useful for identifying the underlying parameter(s) responsible for the state of "life".

2. Distribution of biological units in genome sequences
=======================================================

An analogy to statistical mechanics in material science is useful for developing a new method of analysis of total genome sequences. The essence of statistical mechanics is that detailed properties of every molecule are not necessary for determining the macroscopic (thermodynamic) properties of a material, and that the distribution of molecules is sufficient for calculating the macroscopic properties of a material. This analogy raises the question of whether any macroscopic properties of a biological system can be determined by the distribution of biological units such as proteins without knowing the details of every protein molecule. If the answer is "yes", the comprehension of the mechanism of biological systems will become much easier than the current systems biology, which tries to construct a database of all pathways connecting all proteins and substrates. The difference between the current systems biology and the approach based on the distribution of biological units is manifested by the two arrows in [Figure 2](#f2-13_305){ref-type="fig"}. The upper arrow represents the structure formation of individual proteins from sequences of genes, such that a biological system is constructed according to the network of individual proteins. In contrast, the lower arrow assumes that there is some order in the total genome sequence that determines the framework of a biological system, namely the ordered distribution of proteins. After that, the network of individual molecules is formed on the basis of the framework.

However, deeper insight into the distribution of all biological units such as proteins is necessary for ascertaining the distribution of all proteins (including orphan proteins) from a total genome sequence. Here, we point out four important aspects of the distribution analyses of proteins and genome DNA sequences.

1.  A genome sequence is the result of a very long process of evolution. Therefore, it is reasonable to assume that all genes in genome sequences contribute to the parameters required for the state of "life" to a greater or lesser extent. A sequence homology search cannot provide the distribution of all proteins, since sequences encoding proteins of unknown functions inevitably remain after the analysis of a total genome sequence. Thus, a new method is necessary for revealing the distribution of all proteins, including proteins of unknown function.

2.  Biological organisms are physical entities, and all biological processes are based on the physical interactions between molecules. If it is possible to develop an accurate prediction system based only on the physical properties of amino acid sequences, all proteins encoded by a total genome sequence can be assigned completely to several categories based on the sequence data alone.

3.  The body of a biological organism is a huge system comprised of large varieties of proteins. However, all proteins can be categorized into a few groups from the physical viewpoint, for example, as soluble *versus* membrane proteins and DNA-binding versus DNA-nonbinding proteins. If there are distributions of proteins shared among all biological organisms, such distributions would form the framework of a larger biological system. Parameters required for the state of "life" will be obtained from the frameworks of the biological system, namely the distributions that are common throughout the biological kingdom.

4.  A total genome has been formed by a collection of mutations in DNA sequences during the process of evolution. Hence, a particular distribution of proteins must be formed by extensive random mutations introduced into a genome sequence. Here, the term "random mutation" does not necessarily imply a completely random mutation; biased random mutations probably lead to a particular distribution of proteins. It is known that the physical properties of amino acids in the codon table are not uniformly distributed. For example, hydrophobic amino acids are encoded by triplets containing thymine at the second letter position, and amino acids with small side chains are encoded by triplets containing guanine at the first position. Therefore, if the biased nucleotide compositions are appropriately adjusted, particular protein distributions can be realized owing to the non-uniform distribution of physical properties in the codon table.

Based on the above considerations, we carried out extensive analyses of total genomes at the level of proteins as well as that of nucleotide composition.

3. A candidate for one parameter of "life": the ratio of membrane proteins
==========================================================================

We previously developed an online software tool called SOSUI for predicting membrane proteins from amino acid sequences at an accuracy of better than 95% \[[@b3-13_305]\]. This online tool is suitable for the analysis of genome sequences, since the application uses only the physical properties of amino acids: the indices of hydrophobicity and amphiphilicity \[[@b4-13_305],[@b5-13_305]\]. Since an accurate and robust method is required to characterize any amino acid sequence, we used the online tool SOSUI, which only uses simple physicochemical parameters, and does not depend on empirical parameters specific to sequences from certain kind of organisms.

We analyzed the putative amino acid sequences of all genes from 557 prokaryotic genomes and 40 eukaryotic genomes ([Supplementary Material](#s1-13_305){ref-type="supplementary-material"}) using the SOSUI online tool. [Figure 3](#f3-13_305){ref-type="fig"} shows plots of the ratio of the number of membrane proteins compared to the number of all genes. The ratio of membrane proteins is essentially constant for all biological organisms: the average ratio (arithmetic mean) was 0.228 for prokaryotes with a standard deviation of 0.029, and the respective values for eukaryotes were 0.240 and 0.036. Furthermore, the genomic data set included many extremophilic organisms, yet their ratio of membrane proteins was the same as that of other organisms. Therefore, the constant ratio of membrane proteins appears to be a universal parameter for all organisms.

The universality of the constant ratio of membrane proteins suggests that this parameter is not determined by accident but instead is due to the regulation of mutations in the genome sequences. In order to reveal the mechanism of this regulation, we analyzed the nucleotide compositions at the first, second, and third positions of codons, as well as the average for all positions; the resulting data are shown in [Figure 4](#f4-13_305){ref-type="fig"}. We found that the nucleotide compositions at each letter position of the codons showed very large biases from the compositions expected from completely random mutations. Since the nucleotide compositions are the result of the accumulation of mutations, the large and systematic biases of the compositions strongly suggested that the mutations occurring in genome sequences are regulated by some cellular mechanism.

The average nucleotide compositions across the three codon positions are almost the same as the compositions expected based on completely random mutations, but the biases at each individual codon position revealed very different tendencies with respect to each other. From the viewpoint of comparative genomics, two features of the graphs in [Figure 4](#f4-13_305){ref-type="fig"} are important. First, the values for all biological organisms fall in proximity to particular lines, and the scattering of data is small. Second, the tendencies of the nucleotide biases are correlated with the physical properties of amino acid groups at the codon positions. The compositions of guanine (diamond in the upper panel of [Fig. 4A](#f4-13_305){ref-type="fig"}) and thymine (triangle in the lower panel of [Fig. 4A](#f4-13_305){ref-type="fig"}) at the first codon position are much larger and smaller, respectively, than the compositions expected based on completely random mutations. This observation suggests that small amino acids are more abundant, making polypeptides statistically more flexible, whereas aromatic amino acids (which make polypeptides rigid) are rare. The GC content dependence of the compositions at the second positions showed much smaller slopes than those for the compositions by the completely random mutations. This fact indicates that the hydrophobicity and the frequency of charged amino acids become independent of the GC content.

We hypothesized that the constant ratio of membrane proteins is closely related to the characteristic biases in the nucleotide compositions at the codon positions. The small slopes of the GC content dependence of the nucleotide compositions at the second position are consistent with the universally constant ratio of membrane proteins. It is known that the groups of amino acids sharing the same nucleotides at the second position have similar hydrophobicities. Particularly, the amino acids in the group harboring thymine at the second codon position are all very hydrophobic. In other words, the average hydrophobicity of amino acid segments, which determine the position of transmembrane segments, can be controlled by the nucleotides at the second position of the encoding gene. Therefore, the small slopes of the nucleotide composition against the GC content are consistent with the constant ratio of membrane proteins. If the composition of thymine at the second position fluctuated, the composition of hydrophobic residues in proteins would fluctuate and the proportion of membrane proteins may have been altered.

Previously, we reported the computer simulation of extensive single nucleotide mutations for genome sequences of prokaryotes, evaluating the ratio of membrane proteins by using the SOSUI system \[[@b6-13_305],[@b7-13_305]\]. The results of that work indicated that the ratio of membrane proteins is preserved when the characteristic biases of the nucleotide compositions are assumed. In contrast, the ratio of membrane proteins shows much larger variance (scattering) when completely random mutations are assumed. The present analyses of amino acid and DNA sequences for both prokaryotes and eukaryotes strongly suggested that the universal mechanism of the systematic biases of the nucleotide compositions renders the ratio of membrane protein constant.

4. Order in the top class of the hierarchy of biological systems
================================================================

Biological systems have hierarchical structures with many classes, and all classes of the hierarchy are embodied in each genomic sequence, as shown in [Figure 2](#f2-13_305){ref-type="fig"}. Not only the hierarchical structures of proteins, but also the harmonious biological system of cells or biological bodies, are embodied in each genomic sequence. The lowest class in the biological hierarchy comprises the secondary structure elements of proteins (e.g., the α-helix and β-sheet motifs); the average size of these elements is much smaller than that of a whole protein. The easiest problem to solve in structure determination of biological systems is considered to be the folding of the tertiary structure of a protein from combinations of its secondary structure units. Hence, the prediction of secondary structure and the modeling of tertiary structure have been topics of investigation for over half a century, yet unambiguous physical solutions remain elusive. Therefore, it is sensible to consider that order in the higher classes of biological systems cannot be elucidated without knowing the principle underlying the lower classes of the biological hierarchy.

The constant ratio of membrane proteins suggests, however, that order in the top class of the biological system is directly regulated by genome sequences. Biological science is currently based on reductionism, in which understanding of the higher class of hierarchy is derived based on knowledge of the lower class. However, the constant ratio of membrane proteins could be directly obtained by a physical approach to the total genome without complete information about the lower classes of biological hierarchy. 'What parameters characterize "life"?' is one of the biggest questions in biological science. We do not claim that the present work provides a complete answer to this question. However, we propose that the holistic and physical approach to biological big data described in this work provides a novel route toward determining the answer to this question.

###### Significance

"Life" is a particular state of matter, and matter consists of diverse molecules. The state corresponding to "life" is ultimately determined by the genome sequence. In order to elucidate a parameter characterizing the state of "life", we analyzed all the amino acid sequences from the genomes of 557 prokaryotes and 40 eukaryotes using a membrane protein prediction online tool called SOSUI. SOSUI uses only the physical parameters of the encoded amino acid sequences to make its predictions. The ratio of membrane proteins in a genome identified by the SOSUI online tool was around 23% for all genomes, indicating that this ratio constitutes one parameter of "life".
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![Four layers and four processes that connect the layers in a biological system. A genome DNA sequence ultimately determines the phenotype of a biological organism. Amino acid sequences are synthesized according to the DNA sequence and are folded to make proteins, the functional units of biological systems. A biological organism is a biological system that can maintain itself and give birth to the next generation. The genome DNA sequence of the next generation is changed by mutations, but the genomic pool is formed by the accumulation of multiple mutations.](13_305f1){#f1-13_305}

![Relationship between the one-dimensional sequences of DNA and the three-dimensional structures of biological systems. The nesting of sequences in one dimension corresponds to the hierarchical structure in three dimensions in biological organisms. Each class of the hierarchical structure is encoded in a sequence of corresponding size. How the information for a three-dimensional structure is encoded in a one-dimensional sequence is one of the most important outstanding problems in the biological sciences.](13_305f2){#f2-13_305}

![The ratio of the number of membrane proteins in a genome sequence is plotted against the number of total open reading frames (ORFs) for 557 prokaryotes (black squares) and 40 eukaryotes (gray circles). The list of all the species is given in [Supplementary Material](#s1-13_305){ref-type="supplementary-material"}. The average ratios for prokaryotes and eukaryotes are 0.228 and 0.240, with standard deviations of 0.029 and 0.036, respectively. The constant ratio of membrane proteins suggests that mutations in genome sequences are regulated by some mechanism in cells. The constant ratio of membrane proteins provides order in genome sequences throughout the biological kingdom and may represents one parameter defining the state of "life".](13_305f3){#f3-13_305}

![Distribution of nucleotide compositions at first (A), second (B), and third (C) positions of the triplet codon, and the average value across all positions (D), plotted against genomic GC content. The circle, diamond, rectangle, and triangle symbols indicate nucleotides A, G, C, and T, respectively. Closed and open symbols are used to indicate data from prokaryotic and eukaryotic genomes, respectively. For clarity, A and G were plotted on the upper panel, and C and T were plotted on the lower panel. Dotted lines indicate the nucleotide compositions of completely random sequences: dark dotted line for nucleotide G or T, light dotted line for nucleotide A or C.](13_305f4){#f4-13_305}
